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Abstract 
By a linear polarized nanosecond pulse laser, a ripple structure on the uniformly melted brass surface is produced, 
which characteristic period approximates to the wavelength of the ionic sonic wave. These features can be interpreted 
as the interaction between the laser-generated plasma (gas-phase) and the melted brass (liquid-phase). According to 
our model and the Lagrangian hydrodynamic algorithm simulation, the wavelength of the ionic sonic wave is 
calculated, which is in well agreement with our experiment observation. 
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1. Introduction  
Laser-induced periodic surface structures (LIPSSs) have attracted extensive attention during the past 
decades, focusing on both their potential applications [1-6] and formation mechanism [7-12]. There are 
several kinds of LIPSSs, which show different spatial period. Some period of the LIPSSs is larger than 
the laser wavelength, some equal to the laser wavelength and some less than the laser wavelength. Several 
explanations have been proposed to explain their formation mechanism, such as, for instance, the 
interference of the incident and reflected electro-magnetic wave, the diffraction of surface defects, stress 
effecter during the crystallization, surface plasmons, and etc [7-12]. As an important one of LIPPSs, the 
ripple formation on a uniformly melted material surface by polarized laser pulses is a universal 
phenomenon [13]. Generally, the formation process of these structures is interpreted as the interference 
between the incident laser and induced surface waves [14]. For a uniformly melted surface, Ehrlich et al 
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[15] proposed a uniform-melt-layer model to explain the ripple formation, arising from the simulated 
scattering of the incident laser light into the surface polariton waves [16]. Whereas, Keilmann [17] and 
Young [18] considered that the phenomenon is caused by incident light parametrically decaying into both 
the surface corrugation (capillary waves) and the surface polaritons. However, Zhou et al. [19] suggested 
that light directly incident on a surface would not generate the interface electromagnetic modes, so the 
surface-plasmon polariton is not the cause of the surface ripples. Meanwhile, they [19] implied that a 
periodic inhomogenous thermal-expansion mechanism most likely allows the ripples to grow under the 
radiation field. Nevertheless, the mechanism is not proper to explain the ripple formation on certain 
materials, such as fused quartz, since this kind of materials suffer no significant density change on 
melting [20]. It should be noted that some authors predicted that plasma oscillations maybe be involved in 
the formation of these ripples [10, 20]. In fact, plasma oscillations do play the leading role in the LPISSs 
[21, 22]. Therefore, we assume that the interaction between the oscillating plasmas and the melted surface 
should well interpret the ripple formation. In this paper, we propose the interaction between the laser-
generated plasmas (gas-phase) and the melted brass (liquid-phase) to explain the ripple formation on a 
uniformly melted brass surface by nanosecond laser. This model indicates that periodic distribution of 
particle mass-stream density, which results from the ionic sonic wave driven by the incident laser pulse, is 
crucial for the ripple formation. According to our model, the wavelength of the ionic sonic wave is 
calculated, which is in well agreement with our experiment observation. 
2. Experimental details 
In our experiment, a brass plate, with a surface roughness of about 0.1μm by mechanically polishing, 
was irradiated by the Gausian pulses (1064nm, 30ns, 10Hz, polarized in the x direction) of an Nd: YAG 
laser in normal direction through a focus lens. The focused mode radius is about 160μm on the brass 
surface. Following irradiation, the melted surface morphology and the cross section character of the laser 
irradiation zone were observed by a scanning electron microscope (SEM), and the respective sizes of the 
ripples were measured with optical and atomic force microscopes. Moreover, a Langmuir probe system 
(Hiden Analytical Limited Corp.) was used to prove the existence of the plasmas on the brass surface 
during laser irradiation in a vacuum chamber. For the sake of obtaining the plasma number density and 
the temperature on the surface, laser-plasma simulations were carried out for 2 μm thick brass slab targets, 
which irradiated by a 30 ns (full width at half maximum) Gaussian laser pulse at 1064 nm wavelength 
with different intensities. The 1D Lagrangian hydrodynamic algorithm [23] was used to simulate the time 
evolution of laser-plasma interactions and to calculate the wavelength of the ionic sonic wave. This 
algorithm and related codes have been well tested and widely used for the investigation of the laser-
plasma interaction [24-26].  
3. Results and discussions 
Fig. 1(a) presents the SEM image of the brass surface after 100 laser pulses irradiation. The whole melted 
and heat affected zone, with a diameter of 350 μm, can be divided into three parts. From the center to the 
cleaning boundary of the damaged spot, they are boiling area, ripple structure and slip lines, respectively. 
Detail displaying of the ripple structure is shown in Fig. 1(b). The observed ripples mainly lie in the  
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Fig. 1: (a) SEM image of the brass surface morphology induced by Nd:YAG laser normally incident at 
fluence of 4 J/cm2 following 100 shots. (b) a detail partial of ripples of white frame in (a). (c) a melted 
layer profile of the cross section in the center of spot, the depth of the melted layer in the laser beam 
center is about 80 μm, and (d) 1 μm to 2 μm uniformly melted layer at the peripheral area. 
 
annular region of radium from 110 μm to 150 μm. The ripple period is about 1μm, and its orientation is 
perpendicular to the laser polarization. For multiple shots irradiation, a resolidified layer was formed on 
the brass surface, as shown in Fig. 1(c) and Fig. 1(d). These indicate that the ripples are formed on a 
uniformly melted layer, instead of periodic array of molten strips [8]. For this ripple on a uniformly 
melted layer, one attraction is that the ripples periods show slight differences when laser normal incident 
at different laser energy fluences. When the laser energy Àuences are 3 J/cm2, 3.5 J/cm2and 4 J/cm2, the 
corresponding ripple periods are 0.93 μm, 0.96 μm and 1.03 μm, respectively. Another noteworthy 
phenomenon is that the ripples are little observed experimentally when the pulses were less than five 
shots, but steady-state ripples are observed when the pulses were more than 20 pulses. Similar 
phenomenon was also observed by Driel [13] and Isenor [10]. The most distinctive difference between 
these two situations was that plasmas radiation can be seen by eye-estimation in the latter one. The 
plasmas parameters at the position 50 mm far from the brass surface by a 4 J/cm2 laser ablation were 
measured by a Langmuir probe. Through the electric current-voltage (I-V) curve, we deduced that the 
electron density was about 8×1010 cm-3 after 5 μs laser pulse delay. 
Based on these results, we assume the overall process generating of the ripples by nanosecond laser as 
follows. Firstly, the front phase of a nanosecond laser pulse heats the metal, which turns into 
inhomogeneous underdense plasmas. At the same time, the brass surface and the plasmas absorb the laser 
energy further, which cause the brass surface melted into a liquid layer. At the end of laser pulse, the light 
wave excites an instability, in which both ionic waves and electron plasma waves grow due to the 
inhomogeneous plasma density. Ion plasma oscillation, which is fundamental process in laser-plasma 
interaction, is considered as a main driven force upon and under the melted layer. The interaction between 
the plasmas and the melted layer leads to the liquid corrugating. At a suitable solidified velocity, the  
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Fig. 2: Schematic of the interaction between the laser-generated plasmas and the metal melted layer. 
 
ripples will be retained. The schematic view of the interaction between plasmas and melted layer by laser 
action is shown in Fig. 2. 
Consider the ion density fluctuation in an otherwise homogeneous plasma which is generated by the 
front phase of the nanosecond laser pulse, i.e.,  xknnn Icos0 ' , where Ik  is the wave number of 
the fluctuation in ion density. The incident laser electric field is assumed as  tE Lx Zsin0H E  and 
the polarization direction along x axis (see Fig. 2), where LZ  is the frequency of laser electric field, and 
E0 is the amplitude. The plasma ions is oscillating in the electric field of laser, and its quivering velocity is  
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where Im  is the ion mass, e is the electron charge. The oscillating motion of ions results in the 
fluctuation of the ionic mass stream density along the laser electric field inevitably, 
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It is evident that the mass-stream density distribution of the ions has an oscillating modulated portion, 
whose period is the same as the period of the wave number of the ionic sonic wave at the fixed time t and 
an average density. In the interaction of the plasma (or neutral atomic gas) with the liquid layer of brass, 
the momentum of ions oscillating motion is transferred to the liquid brass by collisions of these particles 
and liquid layer. If this collision is completely inelastic, the flow of liquid can be approximately assumed 
to be non-slip on the interface of gas and liquid phases. Therefore, the motion of the liquid surface 
transfers into the inside of liquid (along y direction) when the liquid is treated as the incompressible 
viscous fluid. The variational velocity (motion equation) along y direction can be described by Navier-
Stokes equation 
 22 // yutu ww ww J ,                                                                   (3) 
where Ȗ is the kinematic viscosity. Considering the non-slip condition at the gas-liquid interface and 
assuming that the boundary layer thickness is far less than that of the liquid brass, the boundary condition 
is roughly given by  tvu LE Zcos  as y= 0 and u= 0 as yĺ. Hence, the solution of viscous wave 
that satisfies Eq.(3) can be obtained  
     xkyktevtyu IvLykE v coscos,   Z ,                                 (4) 
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Fig. 3: The calculated wavelength values of the ionic sonic wave ȜI from the results of laser-plasma 
interaction simulation.             > @ 212432 tZtnetttZt IeI STTSO  , Where șI(t), șe(t), Z(t), n(t) 
are the ion temperature, the electron temperature, the charge state, and the ions density, respectively. Only 
in the region B, the calculated wavelength values of the ionic sonic wave have practical physical meaning. 
The laser pulse intensity profile is a time reference. 
 
where   212/ JZLvk   is the wave number of the viscous wave. It is obvious that the frequency of the 
viscous wave is equal to the laser frequency and the amplitude exponentially decays in the form of ykve  
along y direction. The depth of penetration (one wavelength) of the viscous wave is į = 2ʌ/kv.    
We examine the effect of ionic mass-stream density distribution on the flow of liquid layer at a fixed 
moment t. It is easy to understand from equation (2) that, there is a periodic maximal particle number 
distribution as well as a periodic maximal collision rate with the liquid surface on the melted surface 
under laser irradiation. It results in a periodic distribution of the pressure per unit volume due to the 
momentum transfer. For example, the pressure on the liquid surface is maximum at x=0 and Ikx /2S , 
and minimum at Ikx /S . The liquid flows from the locality that the maximal pressure appears to the 
locality that the minimal pressure appears due to the incompressibility of fluids. Consequently, a vorticity 
appears in the intermediate zone of two maximal pressures, due to 0zu u . It implies that the locality 
of the liquid surface undergone a smaller pressure is upheaved out of the interface due to the generation 
of the vortex flow, and the locality of the liquid surface which undergone a higher pressure is sinking. In 
other words, an ionic mass-stream density distribution with the type of  xkIcos , at a fixed moment, 
results in a geometric structure with the type of  xkIsin  on the liquid surface. The wave number of the 
ionic sonic wave is given by III vk /Zr , where Iv  is the ion-sound velocity, IZ  is the frequency of 
the ionic sonic wave. Considering only electrostatic perturbations and restricting the analysis to one-
dimensional perturbations along the direction of the laser polarization, ion-sound velocity Iv  and the 
angular frequency of the ionic sonic wave IZ  satisfy:  
  IIeI mZv /32 TT   and II mZne /4 22 SZ  , 
where șe is the electron temperature, șI is the ion temperature, Z is the charge state, mI is the mass of the 
ion, and n is the ions density. We obtained the data of șI (t), șe (t), Z(t), n(t) from the results of laser-
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plasma interaction simulation. Numerical experiments are carried out for different laser peak intensities of 
210 MW/cm2, 240 MW/cm2 and 270 MW/cm2 (corresponding to laser fluences of 3.15 J/cm2, 3.6 J/cm2 
and 4.05 J/cm2, respectively).  Figure 3 shows the calculated wavelength value of ionic sonic wave from 
the results of laser-plasma simulation. It was divided to three regions for the different material response 
process on the surface in different time. But only the calculated wavelength in the region B has a physical 
meaning. The region B is mainly dominated by laser-plasma interaction, and plasmas -melted layer 
interaction. In these under-dense plasmas, the duration of nanosecond laser is long enough to drive the 
ionic sonic wave. The excited ionic sonic wave at the end of the laser pulse (half of maximum intensity) 
plays the most important role for the ripple formation. The calculated ionic sonic wavelength is in the 
range of 0.95±0.1 μm, which is very close to both the laser wavelength and the ripples period of the 
experimental results. In fact, it is just the excited wave that changes the ions distribution on the melted-
layer and generates the periodic liquid corrugation. 
When the cooling rate of the surface structure layer which connects with atmosphere is faster than the 
heat diffusion rate inside the liquid, the geometric structure on the liquid surface would be retained after 
laser pulse. Because the profile  of the applied laser pulse is a Gaussian-like, the radiated area shows three 
regimes(the center regime with deep melting layer about 80 μm, the ripples regime with shallow melting 
layer about 1~2 μm, and the slip lines regime without visible melting layer )(see Fig. 1). After laser pulse, 
the interface of liquid and atmosphere still keeps on damped oscillating because of its inertia. Motion of 
the interface is sustained by the local heat flow, which creates a heat flux [27]  
   
ii yaayll
yTyTQ wwww // NN  
where țl and ța are the conductivities of the liquid and the air, respectively, and yi is the coordinate of the 
interface. It is evident that the motive velocity of the interface is proportional to the temperature 
gradient    yTtTul wwww /// . Therefore, in the center regime, the period geometric structure on the 
liquid surface laxly subsides because of the large latent heat inside the deep melting layer, which results 
in a smaller temperature gradient as well as a long life time of the melt. Whenas, in the ripple regime, 
there is no sufficient latent heat in the shallow melting layer to keep the interface temperature above the 
melting point due to a higher temperature gradient. As a result, the rapidly solidification of the liquid 
surface leads the motion of the interface fleetly ceased, and the periodic geometric structures are 
spontaneously retained. 
4. Summary 
In summary, we have performed an inerratic ripple structure that the character period approximates to 
the wavelength of ionic sonic wave on the brass surface by a linear polarized nanosecond pulse laser. To 
interpret the formation dynamics and the period of this surface ripple structure, a model of the interaction 
of laser-generated plasmas (gas-phase) and melted brass surface layer (liquid-phase) has been proposed, 
in which the laser-induced ionic plasma wave on the melted surface plays a significant role. The plasma 
particles of periodical distribution in the wave are colliding against the melted surface layer, which results 
in an inerratic liquid corrugation associated with the ionic plasma wave. When the melted layer is thin 
enough, the liquid structure layer will be curdled before it disappears due to the gravity, and the structure 
with period of the ionic plasma wave is printed on the surface layer. Because the wavelength of ionic 
plasma wave driven by a laser pulse is determined by the density and temperature of the plasma electron, 
the period of the formed ripple structure apparently associates with the parameters of laser pulse. 
According to the presented model the character period of the ripple structure is equivalent with the 
wavelength of the ionic plasma wave, which is in agreement with our experiment observation. 
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